Converging evidence suggests that deficits in somatostatin (SST)-expressing neuron signaling contributes to major depressive disorder. Preclinical studies show that enhancing this signaling, specifically at α5 subunit-containing γ-aminobutyric acid subtype A receptors (α5-GABA A Rs), provides a potential means to overcome low SST neuron function. The cortical microcircuit comprises multiple subtypes of inhibitory γ-aminobutyric acid (GABA) neurons and excitatory pyramidal cells (PYCs). In this study, multilabel fluorescence in situ hybridization was used to characterize α5-GABA A R gene expression in PYCs and three GABAergic neuron subgroups -vasoactive intestinal peptide (VIP)-, SST-, and parvalbumin (PV)-expressing cells -in the human and mouse frontal cortex. Across species, we found the majority of gene expression in PYCs (human: 39.7%; mouse: 54.14%), less abundant expression in PV neurons (human: 20%; mouse: 16.33%), and no expression in VIP neurons (0%). Only human SST cells expressed GABRA5, albeit at low levels (human: 8.3%; mouse: 0%). Together, this localization suggests potential roles for α5-GABA A Rs within the cortical microcircuit:
Introduction
Multiple brain functions, from sensory processing to cognitive computations, originate from the propagation of excitatory signals across interconnected layers, regions, and networks of the neocortex. These signals are transmitted by glutamatergic pyramidal cells (PYCs) and shaped through tight regulation by diverse subgroups of local interneurons that express the inhibitory neurotransmitter γ-aminobutyric acid (GABA) [1] . Within these assembled microcircuits, excitatory activity is balanced by dynamic inhibition at several levels to produce coherent neuronal output necessary for normal functions. However, in disease, the balance between excitation and inhibition can become dysregulated, potentially supporting the emergence of psychiatric symptoms rooted in altered perception, cognition, mood, and even motor functions. Indeed, robust evidence of reductions in GABA levels together with deficits in cortical inhibitory function among subjects with major depressive disorder (MDD) suggests that altered excitation-inhibition balance plays a central role in MDD etiology [2] .
GABAergic neuron populations represent a minority of all cortical neurons (rodents: 15%; humans: 25%) [3] [4] [5] [6] ; however, their innervations onto PYCs are essential to maintain the excitation-inhibition balance of the entire cortical network. A large diversity of GABAergic neurons can be classified based on electrophysiological, morphological, and neurochemical properties [7] . In rodents, the vast majority of cortical interneurons (∼100%) can be divided into three nonoverlapping groups based on coexpression of distinct neurochemical markers, namely that of the neuropeptide somatostatin (SST; 30%), the calcium-binding protein parvalbumin (PV; 40%), and the ionotropic serotonin receptor 5HT3aR (30%), which largely comprises vasoactive intestinal peptide (VIP)-expressing neurons [8] . In humans, the majority of GABAergic neurons (∼85%) in the prefrontal cortex (PFC) can be differentiated based on nonoverlapping expression of the calcium-binding proteins PV (20%), calbindin (20%), or calretinin (45%) [5, 9, 10] .
Evidence from postmortem MDD studies shows that SST cells are selectively vulnerable among GABAergic deficits across the dorsolateral PFC [11] [12] [13] , amygdala [14] , and subgenual anterior cingulate cortex [15] . SST cell inhibition primarily targets PYC dendrites, gating the input of excitatory signals from thalamocortical afferents or upstream microcircuitry, a function that is partially mediated by activation of dendritic α5 subunit-containing GABA subtype A receptors (α5-GABA A Rs) [16, 17] . Thus, enhancing (or modulating) signaling specifically at α5-GABA A Rs provides a potential means to restore, or overcome, the low SST cell function found in MDD [18] . Indeed, a growing number of experimental manipulations in rodents suggest that remediating low SST cell function may lead to antidepressant-like effects (see review in Fee et al. [19] ).
Although the impact of enhancing GABAergic input via modulation of PYC α5-GABA A Rs seems somewhat straightforward, GABAergic neurons also express GABA A Rs [20] . Different GABAergic cell types vary by their targeted cellular compartments, the cell types they interact with, and the receptors that mediate their effects. For instance, PV cells mainly target the soma and proximal dendrites of PYCs with synapses that are enriched with α1-GABA A Rs [21] . Regarding interactions between GABAergic neurons, PV-PV reciprocal connections are predominant, but these cells exert only weak inhibition on other GABAergic neuron subtypes [22] . In contrast, SST cells strongly inhibit PYC dendrites and select GABAergic (e.g., PV, VIP) neurons, but do not target each other [22] . VIP cells play a central role in PYC disinhibition by preferentially targeting SST neurons [23, 24] . These diverse properties dramatically increase the complexity of the cortical microcircuit. Therefore, understanding how the activity of the cortical microcircuit may be modulated by pharmacological targeting of α5-GABA A Rs is important to advance our ability to develop effective treatments through this candidate mechanism.
Here, we used multilabel fluorescence in situ hybridization (FISH) to characterize the cell type distributions of PFC α5-GABA A Rs by investigating gene expression patterns (mouse: Gabra5; human: GABRA5) in glutamatergic PYCs via SLC17A7, a marker for the vesicular glutamate transporter 1, and in three major groups of GABAergic neurons via their neurochemical markers: PV, SST, and VIP. To assess the viability of translating α5-selective compounds to clinical use, we performed multiple analyses to characterize the cell type-specific expression pattern of GABRA5/Gabra5 between mice and humans. We predicted that GABRA5/Gabra5 expression patterns would be similar between mouse and human PFC. We further predicted that PYCs would have high GABRA5/Gabra5 expression due to established roles for SST cells in dendritic inhibition. As mentioned earlier, PV-and VIP-expressing cells are also targeted by SST cells. Based on this, we also predicted that small proportions of these GABAergic cell types would express GABRA5/Gabra5. Finally, since SST cells do not share reciprocal connections, we predicted that these cells would have limited or no GABRA5/Gabra5 expression.
Materials and Methods

Mouse and Human Brain Samples
Fresh brains from adult wild-type C57BL/6 mice (n = 6; 50% male; 4 months old) were extracted following sacrifice via cervical dislocation. Brains were immediately frozen with dry ice and stored at -80 ° C until processing. The Douglas-Bell Canada Brain Bank (Douglas Mental Health University Institute, Montreal, QC, Canada) provided human postmortem tissue blocks that contained the PFC from 5 male human subjects with no known psy- chiatric or neurological disorder (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000495840). The subjects selected were matched as closely as possible for age, postmortem interval, and brain pH. Coronal PFC sections with a thickness of 14 and 12 μm were prepared via cryostat for mice and humans, respectively. Tissue sections were mounted onto glass slides and stored at -80 ° C until processed for FISH.
Fluorescence in situ Hybridization
RNAscope FISH technology was used in this study. FISH probes were designed by Advanced Cell Diagnostics (Newark, CA, USA) to label mouse tissues for mRNA encoding Gabra5 (product #319481), Pv (product #421931), Sst (product #404631), Slc17a7 (product #416631), Vip (product #415961), and human tissues for mRNA encoding GABRA5 (product #452741), PV (product #422181), SST (product #310591), SLC17A7 (product #415611), and VIP (product #452751). Two separate experiments were performed, each using one section from all subjects (n = 6), to label Gabra5 in (1) Slc17a7-and Vip-expressing cells or in (2) Pv-and Sst-expressing cells. The labeling procedure was performed according to the manufacturer's protocol [25] , with a few exceptions, and was performed the same for both mouse and human tissue. After fixation in 4% paraformaldehyde for 1 h, sections were serially dipped in 50, 70, and 100% ethanol diluted with water, each for 5 min. Sections were treated with protease III for 30 min at room temperature, rinsed with phosphate-buffered saline, and incubated with probe solution for 2 h at 40 ° C using an oven designed with HybEZ Hybridization System (Advanced Cell Diagnostics). A series of fluorescent multiplex detection reagents (AMP 1-4) were used to amplify the hybridization signals of label probes on target RNA. Sections were washed twice with wash buffer after each AMP treatment. Slc17a7 and Pv mRNAs were detected with Atto 550, Vip and Sst mRNAs were detected with Atto 647, and Gabra5 mRNA was detected with Alexa Fluor ® 488. The same approach was used for human analyses (n = 5), except that GABRA5 mRNA was detected with Atto 550, VIP and PV were detected with Atto 647, and SLC17A7 and SST were detected with Alexa Fluor ® 488. After the final wash, sections were counterstained with NeuroTrace blue fluorescent Nissl stain (product #N21479; Invitrogen) diluted to 1: 100 and 1: 50 in phosphatebuffered saline for mice and humans, respectively, for 20 min at room temperature. The sections were then rinsed in phosphatebuffered saline and ProLong Gold Antifade Mountant (product #P36930; Invitrogen) was applied directly to the fluorescent-labeled tissue and sealed with a coverslip. All sections were stored at 4 ° C until imaging.
Wide-Field Fluorescence Microscopy
Images were acquired with an Olympus IX83 microscope (Richmond Hill, ON, Canada) equipped with a Hamamatsu ORCA-Flash4.0 V2 digital CMOS camera (Bridgewater, NJ, USA) and high-precision ProScan III XYZ motorized stage with linear XYZ encoders (Prior Scientific, Rockland, MA, USA). The hardware was controlled by SlideBook6 (Intelligent Imaging Innovations, Inc., Denver, CO, USA), which was also the software used for image processing. Both mouse and human data were collected using a 60 × 1.40 NA super corrected oil immersion objective. For each brain section, 10 randomly sampled 3D image stacks (2D images captured using a step size separated by 0.25 μm in the z-dimension) were collected in the superficial layer based on sampling of layer II/III, and 10 were collected in the deep layer based on sampling of layer IV/V. The stacks were 1,024 × 1,024 pixels (∼111 × 111 μm). All images were acquired over the entire thickness of the tissue section using optimal exposure settings. For the imaging of the human sections, lipofuscin autofluorescence was detected as described [26] .
Image Processing
Each fluorescent channel was deconvolved using the AutoQuant adaptive blind deconvolution algorithm (Media Cybernetics, Inc., Rockville, MD, USA). All NeuroTrace-labeled cells whose center, as defined by the largest surface area, was contained within an 82.9 × 82.9 μm 2 counting frame placed in the center of each stack and beginning and ending one z-plane above and below the first and last z-plane of the stack, respectively, were manually traced. The mask was then copied to the adjacent top and bottom z-plane. Data segmentation was performed in MATLAB (R2016) on the channels used to detect mRNAs and lipofuscin, as previously described [26] . Briefly, a new channel was created by calculating a difference of 3D Gaussian filtered channels using sigma values of 0.7 and 2. The Ridler-Calvard automated thresholding algorithm was used to calculate an initial value for iterative segmentation with subsequent iterations increasing by 25 gray scale values. The segmented object masks were size-gated between 0.03 and 0.07 μm 3 for mice and humans. All mRNA object masks that overlapped with a NeuroTrace-labeled cell mask were assigned to that cell. For the human images, any mRNA grain masks that overlapped a lipofuscin mask were removed from analysis. Each image was manually screened for masking accuracy.
Classification of Cells
Among the cells that were manually traced as described earlier, cells containing ≥10 mRNA grains were considered to be positive cell marker-expressing cells. This cutoff was based on the frequency distribution graph (online suppl. Fig. 1 ).
Statistics
All mRNA objects that overlapped with a cell mask were included in the analysis. The GABRA5/Gabra5 mRNA expression level was quantified by a descriptive analysis of grain counting.
Results
Gabra5 Expression in Mouse PFC
A total of 2,812 cells were included in the study. Within mouse PFC tissue sections we identified 1,027 Slc17a7-expressing cells, 42 Vip-expressing cells, 51 Sst-expressing cells, and 49 Pv-expressing cells. We then quantified cells labeled for Slc17a7 (Fig. 1a) , Vip (Fig. 1b) , Sst (Fig. 1c) , and Pv (Fig. 1d) with and without Gabra5 colocalized. Cell types were first identified, with ≥10 mRNA grains per cell body defining positive expression (Fig. 2a) . Cell density per 100 μm 3 was then quantified (Fig. 2b) . The proportion of Slc17a7-expressing cells and GABAergic neurons (VIP, SST, and PV) was 87.9 and 12.1%, respectively. The ratios of sampled GABAergic neurons ex- pressing Vip, Sst, and Pv were 29.6, 35.9, and 34.5%, respectively. For cells identified as one of these neuronal subtypes, a scatter plot was generated to quantify Gabra5 mRNA grains for each cell type (Fig. 2c) . In mice, the percentages of Slc17a7-, Vip-, Sst-, and Pv-expressing cells that also expressed Gabra5 were 54.14, 0, 0, and 16.33%, respectively. 
GABRA5 Expression in Human PFC
The same approach was used in the human postmortem cohort to quantify GABRA5 mRNA expression in SLC17A7-, VIP-, SST-, and PV-expressing cells. A total of 1,089 cells were included in the study. We identified 146 SLC17A7-expressing cells, 13 VIP-expressing cells, 24 SST-expressing cells, and 20 PV-expressing cells. Cell marker quantification showed that expression of GABRA5 was detected in SLC17A7-expressing cells (Fig. 3a) , SST-expressing cells (Fig. 3c1) , and PV-expressing cells (Fig. 3d1) cells, but not in VIP-expressing cells (Fig. 3b) . Cells containing ≥10 mRNA grains were identified as one of the four cell types (Fig. 4a) . The result showed that, per 100 μm 3 , the proportions of SLC17A7-expressing cells and GABAergic neurons were 71.9 and 28.1%, respectively (Fig. 4b) . Among GABAergic neurons, the proportions of VIP-, SST-, and PV-expressing cells were 22.8, 42.1, and 35.1%, respectively. GABRA5 expression in each cell type was then quantified (Fig. 4c) , indicating that in SLC17A7-, VIP-, SST-, and PV-expressing cells, the percentages of cells also expressing GABRA5 were 39.7, 0, 8.3, and 20%, respectively. 
Discussion
In the present study, we characterized the cellular distribution of GABRA5/Gabra5 gene expression using multiplex FISH in glutamatergic PYCs and three major groups of GABAergic neurons (PV-, VIP-, and SST-expressing neurons) in the mouse and human PFC. Our results confirm that the GABRA5/Gabra5 genes are predominantly expressed in pyramidal neurons across species, with 54% of mouse and 39.7% of human PYCs expressing these transcripts. We found an absence of GABRA5/Gabra5 expression in mouse and human VIP cells, and lower percentages of Gabra5 expression in mouse (16%) and GABRA5 in human (20%) PV cells. The only cross-species difference was found in SST cells: wherein Gabra5 was absent in mouse SST cells, a small proportion of human SST cells expressed GABRA5 (8%). Given that recent studies investigating the therapeutic potential of modulating α5-GABA A Rs have shown promise in preclinical models of mood disorders [18, [27] [28] [29] [30] , [17, 34] , whereas less is known about connections between inhibitory neurons. Across both species, PFC α5-GABA A R expression is predominant in PYRs (54% mouse, 40% human) that are targeted by SST and PV neurons (among others), and moderate in PV neurons (16% mouse, 20% human) that receive local SST and reciprocal PV connections [8, 36] . PFC SST α5-GABA A R expression was detected only in human subjects, albeit at low levels (8%), suggesting potential VIP regulation via this mechanism [23] .
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We first performed a descriptive analysis of cell density in mouse and human PFC. Previous studies indicate that the proportion of excitatory to inhibitory neuron populations differs between mice and humans. Specifically, the proportion of GABAergic neurons to total cells in the neocortex of rodents (∼15%) is lower than that of primates (20-30%) [3] [4] [5] [6] . Our findings are mostly consistent with these studies, showing proportions of PYCs to GABAergic neurons at 88 vs. 12% in mice and 72 vs. 28% in humans. The RNA FISH approach employed in this study was further validated by finding high GABRA5/Gabra5 gene expression in human and mouse PYCs (human: 40%; mouse: 54%), which is consistent with previous electrophysiology and immunocytochemistry studies showing enriched α5-GABA A R expression localized to PYC dendrites [17, 31] . The minor differences between our results and those of previous studies are not surprising since cortical neuron density varies based on sampled brain region and seems to vary across species [32] .
SST cells are powerful regulators of the cortical microcircuit; they exhibit strong connection potential with PYCs [16] and other GABAergic neurons, including through afferents onto PV neurons [33] and reciprocal connections with VIP neurons [22] . That we found a lack of Gabra5 expression in mouse SST cells is not unexpected, since (1) α5-GABA A Rs localized to the apical dendrites of PYCs primarily receive GABAergic inputs from SST-expressing Martinotti cells, which have α5-GABA A Rs as their major target, and (2) a major difference between SST and other GABAergic neuron subtypes is that SST cells strongly inhibit other neurons, but avoid targeting each other [16, 17, 22] . Taken together, these findings imply that α5-GABA A Rs are mainly targeted by presynaptic SST afferents and are not involved in inhibitory regulation of SST cells by the other GABAergic populations examined, i.e., PV or VIP neurons. Conversely, we found evidence for GABRA5 expression in human PFC SST cells. Although these represented a small proportion of total SST cells (8%), fluorescence signals were manually inspected and considered to be true. There may be several explanations for this result. In mice, VIP-mediated inhibition of SST cells has been demonstrated through optogenetic methods [22] , yet the cellular mechanisms of this inhibitory control are currently unknown. Although our data do not support the regulation of SST cells by α5-GABA A Rs in the mouse PFC, it is possible that such a mechanism is present in humans. Further studies are needed to assess this possibility. GABRA5/Gabra5 expression in SST cells would also suggest a tonic inhibitory mechanism to regulate SST cell activity. A distinct property of SST neurons is their high basal firing rate that persists even without excitatory input [34] . It would be expected that SST cell activity is tightly regulated to synchronize firing with other cortical neurons. Owing to the dense axonal arborization of SST cells that ascend towards, and innervate, nearby neurons across the cortical column [34] , this may represent an important target for extracellular GABA that activates extrasynaptic GABA A Rs. One study found neuronal nitric oxide-expressing SST cells localized to deep cortical layers distinguished by coexpression of the γ1 subunit, which is thought to bias GABA A Rs to extrasynaptic localization [35] , suggesting that these GABA A Rs may play an important role in regulating SST cell activity. Although another study revealed α5-GABA A Rs present at synaptic sites [36] , they are largely localized to extrasynaptic sites where they mediate tonic inhibition [37] . Altogether, the present findings raise the possibility of an inhibitory mechanism by which α5-GABA A Rs may regulate the firing of a small proportion of human SST cells. However, it is not currently known whether these cells represent a unique subtype of SST cells.
Our findings showed that mouse (16%) and human (20%) PV cells in the PFC express moderate levels of GABRA5/Gabra5. This suggests potential innervation of PV cells by other GABAergic neurons, likely SST cells based on laminar codistribution. This hypothesis is supported by a previous study finding SST cells in layer IV of the somatosensory cortex targeting mainly fast-spiking GABAergic neurons, which largely consist of PVexpressing basket cells [33] . The majority of layer IV SST cells are X94 cells, which, unlike the long-range ascending projections of Martinotti cells, have axonal projections that profusely innervate local targets [33] . Therefore, based on anatomical proximity, PV cells are indeed likely to be innervated by local SST cells in deep cortical layers. Since α5-GABA A Rs are a main mediator of SST cell inhibition, this further implies the possibility of SST-PV afferents. Interestingly, PV cells mainly target the soma and proximal dendrites of PYCs [21] , whereas SST cells preferentially target the apical dendrites of PYCs [16] . As a result, SST-PV regulation could be an important disinhibitory mechanism for tuning the excitability of PYCs by shifting inhibition to the dendritic compartment. This could also be a cell-specific difference. PV neurons are mainly composed of two types of cells -basket cells and chandelier cells. A striking difference between them is that the former not only target PYCs, but also engage in PV-PV interactions, which are among the fastest signal transmissions and mediated by α1-GABA A Rs [21, 38, 39] . PV cells also receive innervations from other GABAergic neurons through slower kinetic receptors that may be activated by extrasynaptic GABA from perisomatic synapses [35] . α5-GABA A Rs are mostly localized to extrasynaptic sites where they mediate tonic inhibition under elevated extracellular GABA concentrations [37] . Therefore, PV neurons expressing GABRA5/Gabra5 may largely reflect chandelier cell populations rather than fast-spiking basket cells. Future studies would benefit from combining neurochemical and morphological approaches to further characterize these differences.
Our findings showed an absence of GABRA5/Gabra5 expression in human and mouse VIP cells. One explanation for this result is that, since VIP cells are uniformly modulated by cholinergic and serotonergic transmissions via ionotropic receptors [40] , VIP cell activation may be more likely to depend on cholinergic rather than GABAergic transmission. This was also demonstrated in an experiment showing that blockade of acetylcholine receptors attenuated VIP cell firing rate increases, whereas no such effect was found for GABA A R blockade [41] . Taken together, these studies suggest that neuromodulators such as acetylcholine, serotonin, and nicotinic agonists have crucial roles in driving the depolarization and recruitment of VIP cells and that the mechanisms underlying VIP cell regulation through GABAergic inhibition remain poorly understood. VIP cells have an essential role in regulating cortical microcircuit activity. They indirectly disinhibit PYCs and PV cells through VIP-SST cell inhibition leading to either increased (i.e., by PYC disinhibition) or decreased PYC firing (i.e., through indirectly enhancing perisomatic inhibition via PV cell disinhibition). Therefore, follow-up studies on the GABAergic control of VIP cells are justified to better decipher these cellular mechanisms.
The second aim of this study was to compare GAB-RA5/Gabra5 expression patterns between human and mouse PFC in order to advance our understanding of the cortical microcircuit and assess the theoretical validity of antidepressants with novel mechanisms of action. In order to remediate or bypass SST cell deficits observed in MDD subjects, interventions that potentiate SST cell input onto target receptors represent a novel therapeutic strategy. This can be achieved by enhancing GABAergic signaling through α5-GABA A Rs. Indeed, selectively modulating α5-GABA A Rs with α5-selective PAM and NAM compounds induces antidepressant-like effects in rodents [18, 28] . Although the reason for converging effects from opposite modulatory mechanisms is not yet understood, it has been suggested that SST cell regulation of cortical microcircuit activity by α5-GABA A R potentiation follows an inverted U curve to promote therapeutic efficacy, or alternatively that short-term inhibition leads to recurrent potentiation through cortical feedback loops, similar to recent findings on the mechanisms of rapid-acting antidepressants [19] . In the context of differential GABRA5/Gabra5 gene expression patterns across GABAergic neurons and potential species differences (Fig. 5) , our study advances the potential to predict with greater accuracy how cortical microcircuit activity would be altered by administration of α5-preferring therapeutic agents. For example, our findings suggest that α5-PAM would mainly potentiate GABAergic inhibition of PYCs in the PFC, but that its potency would differ between mice and humans. Potential GABRA5 expression in human SST cells would suggest reduced SST cell firing upon α5-PAM treatment, in turn disinhibiting PYCs and PV cells, whereas this effect would not be expected in mice. Additionally, a higher proportion of human PV cells express GABRA5, suggesting a higher possibility of PV cell inhibition compared to mice, which would contribute to stronger PYC disinhibition. Therefore, α5-PAM may be more potent in targeted drug effects (i.e., enhancing PYC inhibition) in mice than in humans. However, these predictions rely on the assumption that humans and mice have similar electrophysiological properties. A more precise model of how α5-selective therapeutic agents may modulate neuronal networks would further require taking into account species differences in synaptic morphology and neurophysiological properties.
In summary, our study provides a comprehensive characterization of GABRA5/Gabra5 gene expression in PYCs and three major groups of GABAergic neurons in the human and mouse PFC. In addition to presence of α5-GABA A R predominantly in PYCs, we can predict two circuit mechanisms, including α5-GABA A R-mediated inhibition of PV cells across species and a unique role for α5-GABA A Rs in human SST cells, potentially indicating regulation of tonic inhibition. Our study compares gene expression patterns between humans and mice, yet future studies are warranted to investigate the underlying mechanisms that mediate the interactions between these neurons in humans. Furthermore, future studies should in-DOI: 10.1159/000495840
clude an analysis of female subjects to examine sex differences in cell-specific GABRA5/Gabra5 gene expression. Future studies would also benefit from a greater sample size and controls for the effects of RNA integrity in postmortem samples when comparing across different age and disease states. Lastly, it is important to mention that mRNA transcript levels may not be wholly reflective of cellular function. Future investigations would benefit from complementing the current experimental methods by assessing other features of cellular function, e.g., through electrophysiological techniques.
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